Introduction
============

Multiple myeloma is a plasma cell dyscrasia characterized by the production of monoclonal protein (MP). Although the last decade has seen to the introduction of new therapeutic agents that have resulted in improvements in overall survival, patients still develop refractory disease, and there remains a need for the development of novel therapeutic strategies. Recently there has been considerable interest in the use of heat-shock protein 90 (HSP90) inhibitors in myeloma. HSP90 is a key molecular chaperone protein for over a hundred different client proteins, many of which are critical for cell survival and proliferation. Inhibitors of HSP90 such as geldanamycin and its analog 17-AAG have been demonstrated to result in disruption of normal protein folding and induction of cell death.^[@bib1]^ There has been particular interest in the cytotoxic activities of HSP90 inhibitors in myeloma.^[@bib2],\ [@bib3],\ [@bib4]^ Synergistic activity between HSP90 inhibitors and proteasome inhibitors have been observed.^[@bib2],\ [@bib4],\ [@bib5]^ Early-stage clinical trials involving the combination of bortezomib and 17-AAG have been conducted and have demonstrated evidence of response in bortezomib-naive, pre-treated and even refractory myeloma patients.^[@bib6]^

A marked expansion of the endoplasmic reticulum (ER) occurs during the differentiation from B cell to plasma cell, thus providing the necessary machinery for efficient production of antibodies.^[@bib7]^ This differentiation is associated with upregulation of the pro-survival components of the unfolded protein response pathway (UPR). The three transducers of the UPR are inositol-requiring kinase 1 (Ire1), activating transcription factor-6 (ATF6), and protein kinase RNA-like ER kinase (PERK).^[@bib8]^ Activation of Ire1 and ATF6 leads to transcription of multiple UPR target genes, including protein chaperones and folding enzymes.^[@bib9]^ PERK activation results in the phosphorylation of eIF2α, inducing a decrease in global protein synthesis.^[@bib10]^ Induction of the UPR by ER stress initially serves as a protective mechanism by increasing the cell capacity for protein folding, however, if the stress is too severe or prolonged, then UPR activation can result in apoptosis. UPR-mediated apoptosis involves induction of GADD153/CHOP and cleavage and activation of caspases.^[@bib11]^ GADD153 is induced via both the PERK and ATF6 UPR pathways.^[@bib12],\ [@bib13]^ Caspase-4 (caspase-12 in the mouse) is believed to serve as the initiator caspase in ER stress-induced apoptosis, leading to the cleavage of caspase-9 and, in turn, the activation of caspase-3.^[@bib14],\ [@bib15]^ The caspase-12-/caspase-4-mediated apoptotic pathway has been postulated to be distinct from the classic intrinsic or extrinsic apoptotic pathways.^[@bib16]^ The activation of caspase-2 has been associated with ER stress-induced apoptosis in myeloma cells following treatment with bortezomib.^[@bib17]^ Myeloma cells, compared with non-secretory cells, have a lower threshold for induction of the pro-apoptotic components of the UPR as a consequence of near-maximal expression of the protective UPR elements.^[@bib18]^ We have previously demonstrated that disruption of MP trafficking via agents that interfere with Rab geranylgeranylation leads to accumulation of MP in the ER, induction of the UPR and apoptosis in myeloma cells.^[@bib19]^

We therefore hypothesized that the approach of combining agents, which inhibit HSP90 and disrupt MP trafficking, would lead to enhanced derailment of MP homeostasis, which in turn would lead to enhanced myeloma cell death. 17-AAG and lovastatin were chosen as representative inhibitors of HSP90 and Rab geranylgeranylation, respectively. Here we demonstrate that this novel strategy is characterized by a complex interaction involving regulation of chaperone expression, MP trafficking, activation of the UPR and induction of apoptotic pathways.

Material and methods
====================

Reagents
--------

Lovastatin, brefeldin A and 4-phenylbutyric acid were obtained from Sigma (St Louis, MO, USA). 17-AAG, FTI-277 and GGTI-2133 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Bortezomib was obtained from Millenium Pharmaceuticals. Digeranyl bisphosphonate (DGBP)^[@bib20]^ and 3-PEHPC^[@bib21]^ were kindly provided by Professor David Wiemer, Department of Chemistry, University of Iowa. Anti-β-tubulin, anti-calnexin, anti-PARP, anti-HSP70, anti-HSP90α/β and anti-goat IgG horseradish peroxidase (HRP) antibodies were purchased from Santa Cruz Biotechnology. Anti-eIF2α, anti-phospho-eIF2α, anti-cleaved caspase-8, anti-cleaved caspase-9 and anti-cleaved caspase-3 antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). Anti-mouse and anti-rabbit HRP-linked antibodies were obtained from Amersham (GE Healthcare, Pittsburg, PA, USA). Z-VDVAD-FMK, Z-YVAD-FMK and Z-VAD-FMK were purchased from R&D Systems. (Minneapolis, MN, USA).

Cell culture
------------

Human myeloma (RPMI-8226, U266, H929, MM.1S, MC/CAR) and the RL lymphoblastoid cell lines were purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA). Cells were grown in media (per ATCC specifications) supplemented with heat-inactivated fetal calf serum (FCS), glutamine and penicillin-streptomycin at 37 °C and 5% CO~2~. ALMC-2 cells were obtained from Dr Diane Jelinek, Mayo Clinic (Rochester, MN, USA) and were grown in Iscove-modified Dubelco medium supplemented with FCS, glutamine, penicillin-streptomycin, IL-6 and IGF-1.^[@bib22]^

MTT assay
---------

Cells were seeded (5 × 10^4^ cells/150 μl per well) in 96-well flat-bottom plates and incubated with drugs for 48 h. The MTT assay was performed as previously described.^[@bib23]^ The absorbance for control cells treated with solvent only was defined as an MTT activity of 100%.

Monoclonal protein quantitation
-------------------------------

Cells were incubated in the presence or absence of drugs for specified periods of time. The cells were lysed in RIPA buffer (0.15 [M]{.smallcaps} NaCl, 1% sodium deoxycholate, 0.1% SDS, 1% Triton (v/v) X-100, 0.05 [M]{.smallcaps} Tris-HCl) containing protease and phosphatase inhibitors. Protein content was determined using the bicinchoninic acid (BCA) method. Human lambda light chain kit (Bethyl Laboratories, Montgomery, TX, USA) was used to quantify intracellular and secreted monoclonal protein levels.

Immunoblotting
--------------

Following incubation with drugs, cells were collected, washed with PBS, and lysed in RIPA buffer as described above. Protein content was determined using the BCA method. Equivalent amounts of cell lysate were resolved by SDS-PAGE, transferred to polyvinylidene difluoride membrane, probed with the appropriate primary antibodies and detected using HRP-linked secondary antibodies and Amersham Pharmacia Biotech ECL western blotting reagents per manufacturer\'s protocols. For β-tubulin, calnexin, PARP, HSP90 and HSP70, the membranes were probed with the primary antibody for 1 h at 37 °C. For eIF2α, phospho-eIF2α, cleaved caspase-8, IRE1α, cleaved caspase-9 and cleaved caspase-3, membranes were incubated with the primary antibody overnight at 4 °C ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}).

Quantitative real-time PCR
--------------------------

Cells were grown in the absence or presence of drugs for 24 or 48 h. Each condition was performed in triplicate. RNA was isolated using an RNeasy kit (Qiagen, Germantown, MD, USA), and a BioRad cDNA synthesis kit was used to prepare cDNA. Primers for PERK, GADD153, ATF6, IRE1, HSP70, HSC70, GRP78, GRP94 and β-actin ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}) were designed using PrimerQuest. Real-time PCR was performed on an Applied Biosystems (Life Technologies, Grand Island, NY, USA) Model 7900HT using an Applied Biosystems reaction kit with SYBR green. Data were analyzed using ABI SDS 2.3 software (Qiagen) and normalized to β-actin RNA. Quantities were determined using the relative standard curve method. Each sample was run in triplicate.

siRNA transfection
------------------

HSP90α/β siRNA and scrambled control siRNA were purchased from Santa Cruz Biotechnology. Nucleofection of RPMI-8226 cells (2 × 10^6^) was carried out using an Amaxa nucleofector II with solution V, program G16. Twenty-four hours after nucleofection, lovastatin was added, and cells were incubated for an additional 48 h.

Immunofluorescence microscopy studies
-------------------------------------

Cells were grown on poly-[L]{.smallcaps}-lysine-coated coverslips. Following incubation with the drugs, cells were fixed with 4% paraformaldehyde and then permeabilized in 0.1% Triton X-100. Staining for lambda light chain and PDI was performed as previously described.^[@bib19]^ The coverslips were mounted in Vecta-Shield with DAPI. Microscopy was performed using a Zeiss LSM 710 confocal microscope with a × 60 objective at the University of Iowa Central Microscopy Research Facilities. Images were processed using ImageJ software (National Institutes of Health, Bethesda, MD, USA). The merged images represent merging of the lambda, PDI and DAPI images via ImageJ software.

Statistics
----------

Two-tailed *t-*testing was used to calculate statistical significance. An α of 0.05 was set as the level of significance. Isobologram analysis was used to evaluate the data from the MTT assays via CalcuSyn software (Biosoft, Great Shelford, Cambridge, UK). The software analyzes drug interactions based on the method of Chou and Talalay.^[@bib24]^

Results
=======

The effects of combining 17-AAG, an HSP90 inhibitor, with IBP inhibitors were investigated via a series of MTT assays. Lovastatin, a HMG-CoA reductase inhibitor, depletes cells of all isoprenoids downstream of mevalonate, including geranylgeranyl pyrophosphate (GGPP) while 3-PEHPC is a direct inhibitor of GGTase II. It was hypothesized that these agents, which disrupt MP trafficking,^[@bib19]^ would enhance cytotoxicity when combined with 17-AAG. Four human myeloma cell lines (RPMI-8226, U266, H929, MM.1S), a human light chain amyloid cell line (ALMC-2), an EBV-transformed B-lymphoblastoid cell line (MC/CAR) and a human lymphoblastoid cell line (RL) were evaluated. These lines differ with respect to MP production/secretion, with the MC/CAR and RL lines producing and secreting very low levels ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). Cells were treated with the agents either concurrently for 48 h or were pre-treated with the IBP inhibitor for 24 h before the addition of 17-AAG. Isobologram analysis was performed to determine the nature of the interaction. This analysis revealed that the combination of these agents yielded synergistic effects in the RPMI-8226 cells and additive or synergistic effects in the U266 and MM.1S cells ([Table 1](#tbl1){ref-type="table"}). Studies performed in the H929 cells did not reveal a consistent pattern of interaction for concurrent incubations but did show additive effects following IBP pre-treatment. The ALMC-2 cells are relatively resistant to 3-PEHPC, and therefore formal isobologram analysis could not be performed. In the MC/CAR and RL cells, lovastatin and 17-AAG induced additive cytotoxic effects, whereas 3-PEHPC and 17-AAG induced antagonistic effects. Overall, these studies suggest that those cells that produce and secrete MP most efficiently are the most sensitive with respect to the cytotoxic effects of combining IBP and HSP90 inhibitors.

To determine whether the enhanced cytotoxic effects observed in the MTT studies correlated with enhanced induction of apoptosis in myeloma cells, immunoblot analysis was used to assess for cleavage of PARP, calnexin, caspase-8, caspase-3 and caspase-9. As shown in [Figure 1a](#fig1){ref-type="fig"}, treatment of RPMI-8226 or H929 cells with 17-AAG results in a concentration-dependent induction of PARP, calnexin, caspase-3, caspase-8 and caspase-9 cleavage. The addition of lovastatin further enhances these effects. These effects were observed when lovastatin and 17-AAG were administered concurrently for 48 h as well as when 17-AAG was added following 24 h of lovastatin pre-treatment. Similar effects were observed in RPMI-8226 cells treated with 17-AAG and with either digeranyl bisphosphonate or 3-PEHPC (data not shown). Annexin V/propidium iodine (PI) flow cytometry studies confirmed enhanced induction of apoptosis in RPMI-8226 cells ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Time course experiments performed in RPMI-8226 and U266 cells demonstrated a time-dependent increase in apoptotic markers and that the cleavage of PARP and caspases 3, 8 and 9 precedes calnexin cleavage ([Figure 1b](#fig1){ref-type="fig"}). While the effects of 17-AAG on these apoptotic markers occurred early in the time course (cleavage seen at 12 h), the maximal effect of lovastatin was not observed until 48 h.

Both caspase-2 and caspase-4 have been reported to have roles in ER stress-mediated apoptosis.^[@bib17],\ [@bib25],\ [@bib26]^ Studies were performed in which RPMI-8226 or U266 cells were treated with 17-AAG and/or lovastatin in combination with specific caspase-2, caspase-4 or pan-caspase inhibitors ([Figure 1c](#fig1){ref-type="fig"}). As expected, the pan-caspase inhibitor prevented 17-AAG- and/or lovastatin-induced PARP and calnexin cleavage as well as cleavage of caspases 3, 8 and 9 in all tested cell lines. The caspase-2 and caspase-4 inhibitors completely prevented the cleavage of calnexin and partially suppressed caspase-3 cleavage but did not prevent PARP or caspase-9 cleavage. In contrast, both the caspase-2 and caspase-4 specific inhibitors partially prevented PARP, caspase 3 and caspase 9 cleavage in the ALMC-2 cells while completely preventing calnexin cleavage ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). While U266 cells appear to lack expression of caspase-4,^[@bib27]^ RPMI-8226 and ALMC-2 cells do express caspase-4 ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). That the caspase 4 inhibitor displayed some activity in the U266 cells suggests either minimal expression of caspase-4 or lack of specificity of the inhibitor. Overall, these studies demonstrate that combination therapy results in induction of apoptosis of myeloma cells via multiple pathways, including ER stress, intrinsic and extrinsic pathways.

We have previously demonstrated that select IBP inhibitors disrupt MP trafficking, resulting in an accumulation of intracellular MP,^[@bib19]^ and others have reported the presence of inclusion bodies containing MP following HSP90 inhibitor treatment.^[@bib28]^ We therefore evaluated the effects of combining these agents on MP levels. Addition of 17-AAG to an IBP inhibitor (lovastatin, digeranyl bisphosphonate, or 3-PEHPC) in RPMI-8226 cells partially decreased the IBP inhibitor-induced accumulation of intracellular MP levels ([Figure 2a](#fig2){ref-type="fig"}). Immunoblot analysis utilizing anti-lambda light chain antibodies confirmed the abrogation of lovastatin\'s effects by 17-AAG on intracellular levels in RPMI-8226 cells (data not shown). The effect of 17-AAG on lovastatin-induced accumulation of intracellular lambda light chain was observed across multiple time points ([Figure 2b](#fig2){ref-type="fig"}). Similar results were observed in U266 cells treated with lovastatin and 17-AAG ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). These observed effects were not a result of either increased light chain secretion or effects on light chain mRNA levels. The addition of 17-AAG to lovastatin enhanced the observed decrease in secreted light chain induced by lovastatin in RPMI-8226 cells ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). Neither lovastatin nor 17-AAG induced changes in lambda light chain mRNA levels in RPMI-8226 or U266 cells ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). In contrast to the myeloma lines, the combination of lovastatin and 17-AAG led to enhanced accumulation of intracellular MP levels in the ALMC-2 cells compared with either agent alone ([Figure 2c](#fig2){ref-type="fig"}).

As a non-pharmacological approach with which to inhibit HSP90, RPMI-8226 cells were transfected with HSP90α/β siRNA and incubated in the absence or presence of lovastatin. Transfection of cells with the HSP90 siRNA resulted in a decrease in HSP90 and an increase in HSP70 protein levels ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}). Whereas transfection of scrambled siRNA did not significantly alter intracellular light chain levels, transfection of HSP90 siRNA did partially abrogate the lovastatin-induced increase in light chain level ([Figure 2d](#fig2){ref-type="fig"}).

Brefeldin A (BFA), a known inhibitor of ER to Golgi transport,^[@bib29]^ was used as an alternative means of disrupting MP trafficking. Treatment of RPMI-8226 cells with BFA induced a marked intracellular accumulation of lambda light chain ([Figure 2e](#fig2){ref-type="fig"}). Similar to the studies with the IBP inhibitors, co-incubation with 17-AAG partially abrogated this effect.

One possible mechanism underlying the observed decrease in intracellular light chain level in myeloma cells is enhanced proteasomal degradation. To explore this hypothesis, cells were incubated in the presence or absence of the proteasome inhibitor bortezomib. Whereas bortezomib did not significantly alter levels of intracellular light chain in RPMI-8226 cells treated with 17-AAG, it did lead to a mild increase in intracellular protein when combined with either lovastatin or lovastatin plus 17-AAG ([Figure 2f](#fig2){ref-type="fig"}). Similar effects were observed in U266 cells (data not shown).

To determine whether HSP90 inhibition alters the effects of lovastatin-induced changes in intracellular lambda light chain localization, indirect immunofluorescent microscopy studies were performed in RPMI-8226 cells. As shown in [Figure 3](#fig3){ref-type="fig"}, and consistent with our previous studies,^[@bib19]^ under control conditions the staining pattern for lambda light chain is primarily peri-nuclear as well as a more diffuse vesicular-like pattern through-out the cytoplasm that does not co-localize with a marker for the ER (PDI). Following treatment with lovastatin, there is an accumulation of lambda light chain primarily within the ER, as evidenced by co-localization with PDI. In contrast, treatment with 17-AAG diminished the cytoplasmic staining of lambda light chain with the majority of the staining localized to the peri-nuclear region. For cells treated with both agents, the localization pattern of lambda light chain appeared less homogenous with respect to ER localization than that observed with lovastatin alone. Three-dimensional rendering of these images supported these findings ([Supplementary Figure 8](#sup1){ref-type="supplementary-material"}).

To explore the effects of targeting HSP90 and Rab prenylation on the UPR, myeloma and amyloid cells were co-incubated with 17-AAG and lovastatin. Treatment with lovastatin induces expression of the three transducers of the UPR (PERK, IRE1, and ATF6) as well as GADD153 ([Figure 4a](#fig4){ref-type="fig"}). Although lovastatin globally diminishes protein prenylation, the observed effects on the UPR can be attributed to disruption of Rab geranylgeranylation as a specific GGTase II inhibitor, but not FTase or GGTase I inhibitors, induce the UPR in a similar manner ([Supplementary Figure 9](#sup1){ref-type="supplementary-material"}). In the three tested myeloma lines, the addition of 17-AAG suppressed the lovastatin-induced upregulation of the UPR mediators ([Figure 4a](#fig4){ref-type="fig"}). In contrast, a mixed picture was observed in the ALMC-2 cells, where the drug combination yielded an increase in ATF6 and IRE1 levels. Immunoblot analysis confirmed these findings ([Supplementary Figure 10](#sup1){ref-type="supplementary-material"}).

Quantitative PCR studies demonstrated that BFA induces upregulation of all three transducers of the UPR (PERK, ATF6, IRE1) as well as GADD153 ([Figure 4b](#fig4){ref-type="fig"}) in RPMI-8226 cells. Co-incubation with 17-AAG partially prevented the BFA-induced upregulation of ATF6, IRE1 and GADD153 ([Figure 4b](#fig4){ref-type="fig"}). As another marker of UPR activity, levels of phosphorylated eIF2a were assessed via immunoblot analysis. Increasing concentrations of 17-AAG resulted in a decrease in phosphorylated eIF2a levels either alone or in combination with lovastatin ([Figure 4c](#fig4){ref-type="fig"}). This effect was most evident in cells treated concurrently with the two agents as compared with those pre-treated with lovastatin and was consistent across the tested cell lines. Treatment with BFA also induced an increase in phosphorylated eIF2a levels in RPMI-8226, U266 and ALMC-2 cells, which was prevented by co-incubation with 17-AAG (data not shown). Finally, RT--PCR for XBP-1^[@bib27]^ demonstrated that 17-AAG prevents lovastatin or BFA-induced XBP-1 mRNA splicing ([Supplementary Figure 11](#sup1){ref-type="supplementary-material"}).

4-phenylbutyric acid (PBA) is generally considered to be a chemical chaperone that downregulates components of the UPR in other cell types.^[@bib30],\ [@bib31]^ It was hypothesized that 4-PBA, by serving as a chaperone alternative, could abrogate the effects of IBP inhibitor-mediated disruption of MP trafficking. 4-PBA alone had modest effects on intracellular lambda light chain levels in RPMI-8226 and ALMC-2 cells ([Figure 5a](#fig5){ref-type="fig"}). The addition of 4-PBA to lovastatin partially abrogated the induced increase in intracellular light chain levels. In ALMC-2 cells, the most pronounced effect was the prevention of the 17-AAG-induced increase in intracellular light chain levels. The effects of 4-PBA on lovastatin- and/or 17-AAG-induced changes in UPR component expression were also assessed ([Figure 5b](#fig5){ref-type="fig"}). In the RPMI-8226 cells, treatment with 4-PBA alone reduced GADD153 expression and significantly decreased the expression of all UPR markers in cells treated with both lovastatin and 4-PBA compared with lovastatin alone. Similar effects were observed when immunoblot analysis was performed ([Supplementary Figure 12](#sup1){ref-type="supplementary-material"}). In the U266 cells, 4-PBA increased the expression of ATF6 and partially blocked the lovastatin-induced upregulation of PERK and IRE1. Interestingly, 4-PBA significantly decreased the expression of all tested UPR components in the ALMC-2 cell line and abrogated the effects of lovastatin. Addition of 4-PBA reduced lovastatin-induced cytotoxicity by approximately 5% ([Supplementary Figure 13](#sup1){ref-type="supplementary-material"}). Addition of 4-PBA to 17-AAG did not significantly alter expression patterns compared with 17-AAG alone (data not shown).

HSP90 inhibitors are known to have effects on the expression of other chaperones, but the effects of mevalonate depletion and disruption of MP trafficking on chaperone expression have yet to be explored. Studies were performed with 17-AAG and lovastatin investigating their effects on the expression of key chaperones. GRP78 (immunoglobulin heavy chain binding protein (BiP)) and GRP94 are the ER chaperones that are generally considered to be the most important for mediating the folding of newly synthesized immunoglobulin.^[@bib32]^ As expected, 17-AAG markedly upregulated the expression of HSP70, and, to a lesser extent, the related family member HSC70, in RPMI-8226, U266 and H929 cells ([Figure 6a](#fig6){ref-type="fig"}). Interestingly, a much more modest effect on HSP70 expression was observed in ALMC-2 cells, and, in contrast to the other two cell lines, a marked decrease in HSC70 expression was noted. A marked decrease in both GRP78 and GRP94 expressions was observed in the RPMI-8226 and U266 cell lines following treatment with 17-AAG. Lovastatin consistently upregulated GRP78 expression, albeit by 1.5- to 2.5-fold in all tested cell lines and had variable effects on HSP70/HSC70/GRP94 expression. Interestingly, the combination of lovastatin and 17-AAG yielded differential effects in the tested cell lines. In the RPMI-8226 and H929 cells, there was a further increase in HSP70 expression, while the combination resulted in a decrease in HSP70 expression compared with 17-AAG alone in the U266 cells and ALMC-2 cells. The 17-AAG-induced downregulation of GRP78 and GRP94 was abrogated by lovastatin.

The effects of 17-AAG and BFA on chaperone expression were also examined. BFA induces the upregulation of HSP70, GRP78 and GRP94 but not HSC70 in RPMI-8226 and U266 cells ([Figure 6b](#fig6){ref-type="fig"}). The combination of the two agents resulted in enhanced upregulation of HSP70 while suppressing the 17-AAG-induced upregulation of HSC70 and the 17-AAG-induced downregulation of GRP78 and GRP94. To determine whether the chemical chaperone 4-PBA influences the expression of these chaperones, cells were treated in the presence or absence of 4-PBA for 48 h. As shown in [Figure 6c](#fig6){ref-type="fig"}, 4-PBA did not induce changes in HSP70, HSC70, GRP78 or GRP94 expression in either RPMI-8226 or U266 cells, with the exception of an ∼20% decrease in GRP78 expression in RPMI-8226 cells. In contrast, 4-PBA significantly decreased the expression of HSP70, GRP78 and GRP94 in ALMC-2 cells.

Discussion
==========

Chaperones and the unfolded protein response pathway have key roles in the homeostatic regulation of antibody production in plasma cells. Agents that target these processes have important therapeutic implications for the management of multiple myeloma. In the studies presented here, we have demonstrated that the strategy of combining an HSP90 inhibitor with agents that disrupt MP trafficking results in enhanced apoptosis of myeloma cells characterized by complex effects on the UPR and relevant chaperone proteins.

In our studies we demonstrate that the combination of lovastatin and 17-AAG results in enhanced cell death as determined by MTT assays, Annexin V-PI studies, and analysis of PARP, calnexin, caspase-3, caspase-8 and caspase-9 cleavage ([Table 1](#tbl1){ref-type="table"}, [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, [Figure 1](#fig1){ref-type="fig"}). These effects are both concentration- and time-dependent with respect to 17-AAG. It was hypothesized that, if the predominant mechanism of action underlying these effects was via ER stress-induced apoptosis, then caspase-2 or caspase-4 specific inhibitors would prevent the induction of apoptosis. However, only cleavage of calnexin was completely prevented by these caspase inhibitors, and induction of the UPR was abrogated by 17-AAG. Thus, while ER stress-mediated pathways are important for this drug interaction, there is also clear evidence that the classic intrinsic (caspases 9 and 3) and extrinsic (caspases 8 and 3) apoptotic pathways are involved as well. Of note, inhibition of HSP72, an HSP70 family member, has been shown to enhance HSP90 inhibitor-induced apoptosis in myeloma cells primarily through the intrinsic pathway.^[@bib33]^ Thus, our findings from the studies assessing chaperones ([Figure 6](#fig6){ref-type="fig"}) further emphasize the connection between induced changes in chaperone expression and apoptosis in myeloma cells.

Our studies revealed that 17-AAG partially abrogated the intracellular accumulation of MP induced by agents that disrupt protein trafficking in myeloma cells ([Figure 2](#fig2){ref-type="fig"}, [Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Possible mechanisms for these intriguing results include increased secretion, decreased protein synthesis or increased degradation as a result of decreased chaperone activity. 17-AAG did not increase lambda light chain secretion ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}) nor did it alter lambda light chain mRNA levels ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). The observed decrease in phosphorylated eIF2a levels following 17-AAG treatment ([Figure 4c](#fig4){ref-type="fig"}) argues against a global decrease in protein synthesis. Supporting the hypothesis that the mechanism involves increased protein degradation as a result of decreased chaperone activity are the observations that 17-AAG induces a marked downregulation of both GRP78 and GRP94, the key chaperones involved in immunoglobulin folding ([Figure 6](#fig6){ref-type="fig"}) and that the addition of the proteasome inhibitor bortezomib to either lovastatin or lovastatin/17-AAG resulted in an increase in intracellular protein levels ([Figure 2f](#fig2){ref-type="fig"}). Recent studies have investigated the relationship between the proteasome pathway and autophagy in myeloma.^[@bib34]^ Whether MP, particularly aggregated protein located outside of the ER such as what occurs following lovastatin treatment, can be degraded via autophagy remains to be determined.

Many of the UPR genes share common promoter elements, including the ER stress element (ERSE) and the UPR element (UPRE). The studies by Takayanagi *et al.*^[@bib35]^ have revealed a complex regulatory network containing feedback loops, which governs the response of UPR genes to ER stress. Agents that induce ER stress, such as thapsigargin and tunicamycin, transcriptionally upregulate a variety of UPR genes, including XBP1, CHOP, PERK, IRE1, ATF4, but not ATF6 in HeLa cells.^[@bib35]^ Our studies have revealed a similar pattern of transcriptional regulation in response to agents that disrupt Rab geranylgeranylation ([Figure 4a](#fig4){ref-type="fig"}, [Supplementary Figure 9](#sup1){ref-type="supplementary-material"}), thus demonstrating that disrupting protein trafficking is an effective mechanism to induce ER stress in malignant plasma cells.

There have been conflicting reports regarding the effects of HSP90 inhibitors on the UPR in myeloma cells. Davenport *et al.*^[@bib28]^ reported that 17-AAG activated the key mediators of the UPR within 2--4 h in U266 cells. The differences between their observed results and our results with the U266 line ([Figure 4a](#fig4){ref-type="fig"}) may be due to different time points (\<4 vs \>24 h) and concentration of 17-AAG (5 vs 0.5 μ[M]{.smallcaps}). In contrast, IPI-504, a pro-drug of 17-AAG, decreased UPR and ER stress element activation in U266 and MM.1 cells.^[@bib36]^ Treatment of MM.1 cells with IPI-504 for 16 h resulted in decreased phosphorylated eIF2α levels. In those studies, cells were stimulated with tunicamycin for 15 min before lysis, thus demonstrating a reduced ability to phosphorylate eIF2α in the presence of ER stress. Our studies demonstrate that treatment with an HSP90 inhibitor results in a concentration-dependent decrease in steady-state levels of phosphorylated eIF2α ([Figure 4c](#fig4){ref-type="fig"}) in all tested cell lines at both 24 and 48 h. This effect was diminished in the presence of lovastatin. Despite similar effects on phospho-eIF2a levels across the cell lines, examination of the changes in expression of key UPR components revealed cell line-specific patterns, highlighting the importance of understanding how the regulation of the different UPR modulators and resulting response to therapeutic agents varies among myeloma patients.

The activity of 4-PBA in myeloma or amyloid light chain-producing cells has not previously been investigated. 4-PBA modulates the UPR pathway and reduces ER stress in a variety of cell types. That this agent can rescue cells from mutated proteins, such as CTFR, ATP7B, myocilin, low-density lipoprotein receptor and nephrin,^[@bib37],\ [@bib38],\ [@bib39],\ [@bib40],\ [@bib41]^ supports the hypothesis that the effects on ER stress and the UPR are secondary to its ability to act as a chemical chaperone, preventing misfolded protein aggregation and restoring trafficking. Our studies are the first to demonstrate that 4-PBA significantly downregulates the expression of UPR components and key chaperones in AL amyloid cells ([Figures 5b](#fig5){ref-type="fig"} and [6c](#fig6){ref-type="fig"}). Furthermore, the lovastatin-induced upregulation of UPR components was blocked by co-incubation with 4-PBA. The effects of 4-PBA alone in the myeloma cell lines were less notable; however, 4-PBA did abrogate the effects of lovastatin. The results from the ELISA studies suggest that the decreased UPR activation is not simply a consequence of reduced intracellular MP levels as 4-PBA reduced levels by less than 30% ([Figure 5a](#fig5){ref-type="fig"}). Instead, the activity of 4-PBA may be more due to the amelioration of protein misfolding and aggregation than due to changes in absolute protein levels, as misfolded proteins are a potent trigger for UPR activation. From a therapeutic perspective, 4-PBA might provide a means to protect other cell types from amyloid deposition while sensitizing the AL amyloid-producing plasma cell to agents that induce cell death via non-ER stress mediated mechanisms.

In conclusion, these studies reveal that the strategy of simultaneously disrupting MP trafficking and chaperone activity results in a complex modulation of ER stress, UPR and cell death pathways. The observed differences among the myeloma cell lines highlight the importance of exploring the effects of these agents in primary samples, with particular emphasis on different cytogenetic subtypes as well as production/secretion of intact vs light chain-only MP. In these studies, lovastatin was used as a surrogate for a specific GGTase II inhibitor, given the current dearth of potent and selective GGTase II inhibitors. We have used 17-AAG as a representative HSP90 inhibitor, but it is recognized that second or third generation HSP90 inhibitors may ultimately have more clinical potential. These data support the further development of Rab-targeted agents in myeloma as well as pre-clinical and clinical evaluation in combination with other therapeutic agents. The increasing clinical exploration of agents that induce ER stress and apoptosis in myeloma cells, such as proteasome or NEDDylation inhibitors, HSP90 inhibitors and histone deacteylase inhibitors, underscores the importance of furthering our understanding of how these pathways may be manipulated to achieve maximal cytotoxic effects in malignant plasma cells. Furthermore, our work indicates that there are key differences in how amyloidogenic- and non-amyloidogenic-MP-producing cells respond to agents that alter MP trafficking and chaperone activity, suggesting that distinct therapeutic strategies can be devised for these two related, but disparate, plasma cell dyscrasias.
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![Simultaneous inhibition of HSP90 and the IBP results in the induction of apoptosis of myeloma cells. Immunoblots depicting PARP, calnexin, cleaved caspase 3, cleaved caspase 8, cleaved caspase 9 and β-tubulin are shown. \* denotes the PARP cleavage product while \*\* denotes the calnexin cleavage product. β-Tubulin is used as a loading control. Data are representative of at least three independent experiments. (**a**) RPMI-8226 (*R*) and H929 (*H*) cells were incubated with lovastatin (*Lov,* 10 μ[M]{.smallcaps} for RPMI-826 and 2.5 μ[M]{.smallcaps} for H929) and/or varying concentrations of 17-AAG (*AAG*) for a total of 48 h. The wedges indicate increasing concentrations of 17-AAG (0.1, 0.5, 1 μ[M]{.smallcaps} for RPMI-8226 cells and 0.05, 0.1, 0.25 μ[M]{.smallcaps} for H929 cells). The black wedges indicate that 17-AAG was added at the start of the 48-h incubation, whereas the gray wedges indicate that 17-AAG was added after 24 h. (**b**) RPMI-8226 (*R*) and U266 (*U*) cells were cultured for 12--48 h in the presence or absence of lovastatin (10 μ[M]{.smallcaps}) and/or 17-AAG (0.5 μ[M]{.smallcaps}). (**c**) Effects of caspase inhibitors on 17-AAG- and lovastatin-induced apoptosis. RPMI-8226 and U266 cells were incubated for 48 h in the presence or absence of 17-AAG (0.5 μ[M]{.smallcaps}), lovastatin (10 μ[M]{.smallcaps}), caspase-2 inhibitor (50 μ[M]{.smallcaps} VD-VAD, *C2i*), caspase-4 inhibitor (50 μ[M]{.smallcaps} Y-VAD, *C4i*) or pan-caspase inhibitor (50 μ[M]{.smallcaps} VAD, *Pan-i*).](bcj201364f1){#fig1}

![Effects of targeting HSP90 on monoclonal protein trafficking. Intracellular lambda light chain levels were measured via ELISA. Data are expressed as percentage of control (mean±s.d., *n*=3) and are representative of at least two independent experiments. (**a**) RPMI-8226 cells were incubated for 48 h in the presence or absence of 0.5 μ[M]{.smallcaps} 17-AAG (*AAG*) in combination with either 10 μ[M]{.smallcaps} lovastatin (*Lov*), 10 μ[M]{.smallcaps} digeranyl bisphosphonate (*DGBP*) or 5 m[M]{.smallcaps} 3-PEHPC (*3P*). The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares treatments with and without 17-AAG. (**b**) RPMI-8226 cells were incubated for 12--48 h in the presence or absence of 10 μ[M]{.smallcaps} lovastatin (*Lov*) and/or 0.5 μ[M]{.smallcaps} 17-AAG (*AAG*). The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares lovastatin-treated cells to control cells. The \*\* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares lovastatin+17-AAG- treated cells with lovastatin alone. (**c**) ALMC-2 cells were incubated for 48 h in the presence or absence of 10 μ[M]{.smallcaps} lovastatin (*Lov*) in combination with 0.5 or 1 μ[M]{.smallcaps} 17-AAG (*AAG*). The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares treatments with and without 17-AAG. (**d**) RPMI-8226 cells were nucleofected with HSP90α/β siRNA (*HSP90)* or scrambled siRNA (*Scr*). After 24 h, cells were treated in the presence or absence of 10 μ[M]{.smallcaps} lovastatin (*Lov*) for an additional 48 h. The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares the transfected cells to the untransfected cells (control or lovastatin). (**e**) RPMI-8226 cells were incubated for 24 h in the presence or absence of 0.5 μ[M]{.smallcaps} 17-AAG (*AAG*) and brefeldin A (*BFA*, 0.1 or 0.5 μ[M]{.smallcaps}). The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares treatments with and without 17-AAG. (**f**) Addition of a proteasome inhibitor augments the effects of lovastatin and 17-AAG. RPMI-8226 cells were incubated for 48 h in the presence or absence of 10 μ[M]{.smallcaps} lovastatin (*Lov*), 0.5 μ[M]{.smallcaps} 17-AAG (*AAG*) and 2.5 n[M]{.smallcaps} bortezomib (*Bor*). The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares treatments with and without bortezomib.](bcj201364f2){#fig2}

![Changes in intracellular lambda light chain localization following drug treatment. RPMI-8226 cells were incubated in the absence or presence of 10 μ[M]{.smallcaps} lovastatin (*Lov*) and/or 0.5 μ[M]{.smallcaps} 17-AAG (*AAG*) for 24 h. Indirect immunofluorescence microscopy was performed as described in the Materials and Methods section using antibodies directed against lambda light chain and PDI. DAPI was used for nuclear staining. The merged images represent merging of the lambda, PDI and DAPI images via ImageJ software.](bcj201364f3){#fig3}

![Effects of HSP90 and IBP inhibition on components of the UPR. (**a**) RPMI-8226, U266, H929 and ALMC-2 cells were incubated for 48 h in the presence or absence of lovastatin (*Lov*) and/or 17-AAG (*AAG*). For the RPMI-8226, U266 and ALMC-2 cells, 10 μ[M]{.smallcaps} lovastatin and 0.5 μ[M]{.smallcaps} 17-AAG were used, whereas for the H929 cells, 2.5 μ[M]{.smallcaps} lovastatin and 0.25 μ[M]{.smallcaps} 17-AAG were used. Real-time PCR was performed using primers for PERK, ATF6, IRE1 and GADD153. Data were normalized to β-actin levels and are expressed as relative to control untreated cells (mean±s.d., *n*=3). Data are representative of two independent experiments. The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares treated cells with control cells. The \# denotes *P* \<0.05 for the combination of lovastatin+17-AAG compared with lovastatin alone. (**b**) Real-time PCR was performed using primers for PERK, ATF6, IRE1 and GADD153 following incubation of RPMI-8226 cells with 0.5 μ[M]{.smallcaps} 17-AAG (*AAG*) and/or 0.5 μ[M]{.smallcaps} brefeldin A (*BFA*) for 24 h. Data were normalized to β-actin levels and are expressed as relative to control untreated cells (mean±s.d., *n*=3). Data are representative of two independent experiments. The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares treated cells to control cells. The \# denotes *P* \<0.05 for the combination of 17-AAG and BFA compared with BFA alone. (**c**) Immunoblots depicting phosphorylated eIF2α (*phospho-eIF2*α), eIF2α and β-tubulin (loading control) from RPMI-8226, U266 or ALMC-2 cells treated with 10 μ[M]{.smallcaps} lovastatin (*Lov*) and/or 17-AAG (*AAG*). The wedges indicate increasing concentrations of 17-AAG (0.1, 0.5, 1 μ[M]{.smallcaps}). The black wedges indicate that 17-AAG was added at the start of the 48 h incubation, whereas the gray wedges indicate that 17-AAG was added after 24 h. The relative intensity (*Rel. Int.*) was determined using densitometry and compares the treated cells with the control cells. Gels are representative of at least two independent experiments.](bcj201364f4){#fig4}

![The chemical chaperone 4-PBA augments the effects of HSP90 and IBP inhibition on monoclonal protein trafficking and induction of the UPR. (**a**) RPMI-8226 and ALMC-2 cells were treated with 10 μ[M]{.smallcaps} lovastatin (*Lov*), 0.5 μ[M]{.smallcaps} 17-AAG (*AAG)* and/or 0.5 m[M]{.smallcaps} 4-PBA (*PBA*) for 48 h. Intracellular lambda light chain levels were measured via ELISA. Data are expressed as percentage of control untreated cells (mean±s.d., *n*=3) and are representative of three independent experiments. The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares treatments with and without 4-PBA. (**b**) Real-time PCR was performed using primers for PERK, ATF6, IRE1 and GADD153 following incubation of RPMI-8226, U266 or ALMC-2 cells with 10 μ[M]{.smallcaps} lovastatin (*Lov*) and/or 0.5 m[M]{.smallcaps} 4-PBA (*PBA*) for 48 h. Data were normalized to β-actin levels and are expressed as relative to control untreated cells (mean±s.d., *n*=3). Data are representative of two independent experiments. The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares treated cells with control cells. The \# denotes *P* \<0.05 for the combination of lovastatin and 4-PBA compared with lovastatin alone.](bcj201364f5){#fig5}

![Effects of HSP90 and IBP inhibition on the expression of key chaperones. Real-time PCR studies were performed using primers for HSP70, HSC70, GRP78 and GRP94. Data were normalized to β-actin levels and are expressed as relative to control untreated cells (mean±s.d., *n*=3). Data are representative of two independent experiments. (**a**) RPMI-8226, U266, H929 and ALMC-2 cells were incubated for 48 h in the presence or absence of lovastatin (*Lov*) and/or 17-AAG (*AAG*). For the RPMI-8226, U266 and ALMC-2 cells, 10 μ[M]{.smallcaps} lovastatin and 0.5 μ[M]{.smallcaps} 17-AAG were used, whereas for the H929 cells, 2.5 μ[M]{.smallcaps} lovastatin and 0.25 μ[M]{.smallcaps} 17-AAG were used. The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares treated cells with control cells. The \# denotes *P* \<0.05 for the combination of lovastatin and 17-AAG compared with 17-AAG alone. (**b**) RPMI-8226 and U266 cells were treated with 0.5 μ[M]{.smallcaps} brefeldin A (*BFA*) and/or 0.5 μ[M]{.smallcaps} 17-AAG (*AAG*) for 24 h. The \* denotes *P*\<0.05 per unpaired two-tailed *t*-test and compares treated cells with control cells. The \# denotes *P* \<0.05 for the combination of brefeldin A and 17-AAG compared with 17-AAG alone. (**c**) RPMI-8226, U266 and ALMC-2 cells were incubated in the presence of 0.5 m[M]{.smallcaps} 4-PBA for 48 h. The \* denotes *P* \<0.05 per unpaired two-tailed *t*-test and compares treated cells with control cells.](bcj201364f6){#fig6}

###### Summary of interactions between IBP inhibitors and 17-AAG in myeloma cells

  *IBP inhibitor*             *Cell line*                                                                                               
  -------------------------- ------------- ------------ ------------ ------------ ---------------------------------------- ------------ ------------
  *Concurrent with 17-AAG*                                                                                                              
   Lov                        Syn (0.56)    Add (1.00)   Add (0.95)   Ant (1.32)                 Add (0.88)                 Add (0.84)   Add (1.12)
   3-PEHPC                    Syn (0.66)    Add (0.87)   Add (0.93)   Syn (0.75)   Insensitive[a](#t1-fn2){ref-type="fn"}   Ant (1.5)    Ant (1.29)
                                                                                                                                              
  *Pre-treatment*                                                                                                                       
   Lov                        Syn (0.31)    Syn (0.58)   Add (1.19)   Add (0.91)                 Add (0.83)                 Add (1.17)   Add (1.09)
   3-PEHPC                    Syn (0.67)    Syn (0.67)   Add (0.95)   Add (0.82)                Insensitive                 Ant (1.59)   Ant (1.85)

Cells were incubated in the presence of an IBP inhibitor (1--25 μ[M]{.smallcaps} lovastatin (*Lov*) or 0.2--5 m[M]{.smallcaps} 3-PEHPC) and/or 17-AAG (0.1--2.5 μ[M]{.smallcaps}) for either 48 h concurrently or 24 h pre-treatment with IBP inhibitor followed by a 24-h concurrent treatment with 17-AAG. MTT cytotoxicity assays were performed. Isobologram analysis was used to determine the combination indices (CI) for each drug combination for ED~30~ (CI shown in parenthesis). An interaction was determined to be synergistic (*Syn*) if the CI was \<0.8, antagonistic (*Ant*) if the CI was \>1.2 and additive (*Add*) for CI between 0.8 and 1.2. The CIs are representative of 2--3 independent experiments.

At tested concentrations, 3-PEHPC induced less than a 10% decrease in MTT activity in ALMC-2 cells, and therefore isobologram analysis was not performed.
